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The investigation of intracellular signaling has moved from the discovery of the first intracellular signaling molecule to the appreciation of intracellular signaling as a complex and highly organized network in which thousands of molecular partners interact.[1](#anie201409597-bib-0001){ref-type="ref"} Unraveling such multidimensional interactions requires inhibitors that potently and specifically block individual components of signaling cascades. The strategy to develop such inhibitors has mainly focused on the generation of low‐molecular‐weight compounds. Developing such inhibitors is laborious and expensive, and requires sophisticated laboratories (e.g., organic chemical synthesis and high‐throughput screening facilities with access to a comprehensive compound library). Without extensive optimization procedures many of these inhibitors have been found to display limited specificity and potency.[2](#anie201409597-bib-0002){ref-type="ref"} The development and maturation of initial lead compounds to enhance specificity and potency is also time‐consuming and in many cases inefficient. Clearly, this traditional strategy of inhibitor development is slow, and has not kept pace with the rapid increase in knowledge about the components of intracellular signaling. This is particularly irksome because the advances in systems biology and application to diseases are yielding numerous hypotheses about disease mechanisms, which could be directly tested with specific inhibitors.[3](#anie201409597-bib-0003){ref-type="ref"}

Thus, there is an urgent need for a compound class that can be rapidly developed and is both specific and potent. Aptamers fulfil these criteria, but to date only a few examples have reported intracellular activity of aptamers.[4](#anie201409597-bib-0004){ref-type="ref"} This might be due to the high structural demands of aptamers, which require an intact 3D shape for target recognition and inhibition. For instance, aptamer folding is often affected by ion composition, which can disrupt binding under certain conditions.[5](#anie201409597-bib-0005){ref-type="ref"} However, herein we demonstrate that this can be overcome by appropriate reselection strategies. We developed an aptamer, named C5, which binds and inhibits the Mitogen‐activated protein kinase (MAPK) Erk1/2 and remains functional under various conditions. The aptamer recognizes Erk1/2 in an ATP‐competitive manner and is remarkably specific. C5 remains functional under various ionic conditions, qualifying it for intracellular applications. Although aptamers are of polyanionic nature, and therefore cannot pass cell membranes autonomously, we show that intracellular delivery of aptamers is easily accomplished using patch‐clamp techniques. This approach does not require elaborate delivery strategies, for example, plasmid‐based expression systems, and is thus broadly applicable.

Erk2 is a component of the mitogen‐activated protein kinase (MAPK) pathway, which plays a central role in the regulation of many cellular functions.[6](#anie201409597-bib-0006){ref-type="ref"} In the central nervous system (CNS), Erk1/2 are essential for different forms of synaptic long‐term plasticity,[7](#anie201409597-bib-0007){ref-type="ref"} which is referred to as the molecular mechanism proposed to underlie learning and memory. Aberrant Erk1/2 activity is also thought to contribute importantly to CNS disorders, such as epilepsy,[8](#anie201409597-bib-0008){ref-type="ref"} Alzheimer\'s disease,[9](#anie201409597-bib-0009){ref-type="ref"} stroke,[10](#anie201409597-bib-0010){ref-type="ref"} and cancer.[11](#anie201409597-bib-0011){ref-type="ref"} In all these disorders, the availability of selective and potent Erk1/2 inhibitors will be indispensable for the functional investigation of the individual role of Erk1/2 in neuronal signaling in both, the normal and diseased CNS. By combining patch‐clamp electrophysiology with aptamer delivery, we demonstrate that C5 selectively inhibits a form of synaptic plasticity, termed spike‐timing dependent plasticity (STDP) in neurons that requires MAPK activity, whereas MAPK‐independent STDP was unaffected.

Intracellular use of aptamers in neurons requires maintained aptamer activity in the intracellular milieu. We found that the known Erk1/2‐binding aptamer TRA[12](#anie201409597-bib-0012){ref-type="ref"} is susceptible to variations of ionic composition (Figure S1 in the Supporting Information, SI). We therefore sought to identify an aptamer variant that shares the Erk1/2‐inhibiting properties of TRA but is less susceptible to variations in ionic composition. We synthesized a TRA‐based nucleic acid library, comprising a partially randomized region (Figure S1a). This RNA library was subjected to an in vitro selection procedure targeting active Erk2 (pp‐Erk2) under more physiologically relevant conditions, which we have applied previously to successfully identify aptamers that retain activity in the intracellular milieu.[4a](#anie201409597-bib-0004a){ref-type="ref"},[4b](#anie201409597-bib-0004b){ref-type="ref"}, [13](#anie201409597-bib-0013){ref-type="ref"} After six selection cycles, cloning and sequencing revealed two sequences, namely C1 and C5 (Figures [1](#anie201409597-fig-0001){ref-type="fig"} a and S2). Compared to the original aptamer, C1 has seven mutations whereas C5 bears twelve. Most of the mutations are located either in the asymmetric bulge aB1 (aptamer C1 and C5) or the central stem S2 (aptamer C5; Figure [1](#anie201409597-fig-0001){ref-type="fig"} a). In contrast, the asymmetric bulge aB2 is not mutated in aptamer C1. C5 has only two mutations in this region. This indicates that aB2 is highly conserved. In C5, nucleotide G35 of the stem loop SL1 is deleted, whereas C1 bears one mutation, namely A37C, in this domain.

![The RNA aptamer C5 interacts with Erk2. a) Putative secondary structure of the aptamers C1 and C5 yielded by reselection using a doped TRA‐library (see also Figure S1a). Nucleotides initially randomized are depicted in bold letters. Nucleotides that differ from the original aptamer are highlighted in orange. Two point mutations (named B2) at the indicated (boxed) position led to a significant reduction of C5's ability to interact with Erk2 (see also Figure S4a). Determination of the *K* ~D~ *‐*values of C1 (b) and C5 (c) binding to active Erk2 (pp‐Erk2) or inactive Erk2 (see also Table [1](#anie201409597-tbl-0001){ref-type="table-wrap"}). The amount of radioactively labeled RNA is plotted against the protein concentration. All experiments were performed at least twice (mean±SEM).](ANIE-54-5369-g001){#anie201409597-fig-0001}

Filter retention analysis revealed binding of C1 and C5 to active Erk2 with an affinity of ca. 63 n[m]{.smallcaps} and 10 n[m]{.smallcaps}, respectively, and recognition of inactive Erk2 with a 2.5‐ and 10‐fold lower affinity (*K* ~D~ *‐*values ≈158 n[m]{.smallcaps} for C1 and ≈114 n[m]{.smallcaps} for C5; Table [1](#anie201409597-tbl-0001){ref-type="table-wrap"}, Figure [1](#anie201409597-fig-0001){ref-type="fig"} b,c). Moreover, interaction of C5 with Erk2 was tolerant to a variety of ionic conditions (Figure S3, Table S1). Based on these data we decided to focus on C5 for further characterization. As non‐binding control sequences, we included either a scrambled version of C5 (C5sc) or a double‐point mutant, termed B2 (Figure [1](#anie201409597-fig-0001){ref-type="fig"} a, right panel; Figure S4a).

###### 

*K* ~D~‐values of C1 and C5 for different MAP kinases.^\[a\]^

  MAP kinase   C1 *K* ~D~ ^\[b\]^   C5 *K* ~D~ ^\[b\]^
  ------------ -------------------- --------------------
  pp‐Erk2      63.6±4.5             10.3±1.1
  Erk2         158.5±8.5            113.7±26.1
  Erk1         not determined       94.1±9.5
  P38α         not determined       not detectable
  JNK2α        not determined       not detectable

\[a\] *K* ~D~‐values were determined as described in material and methods. All experiments were performed at least twice. pp‐Erk2: active Erk2. \[b\] Values given in \[n[m]{.smallcaps}\].
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We next investigated the specificity of C5. As summarized in Table [1](#anie201409597-tbl-0001){ref-type="table-wrap"}, C5 recognizes inactive Erk1 with a similar affinity (*K* ~D~‐value ≈94 n[m]{.smallcaps}) as found for inactive Erk2. Most notably, we did not detect any binding to the related MAP kinases p38α or JNK2α (Figure [2](#anie201409597-fig-0002){ref-type="fig"} a). We then extended the analysis to a panel of ten kinases from different subfamilies.[14](#anie201409597-bib-0014){ref-type="ref"} At a concentration of 1 μ[m]{.smallcaps}, which is 10‐fold above its observed *K* ~D~ for inactive Erk2 and even 100‐fold above the *K* ~D~ for active Erk2, C5 did not interact with any of the kinases investigated (Figure [2](#anie201409597-fig-0002){ref-type="fig"} b), indicating an exceptional specificity for Erk1/2. To investigate whether C5 also interacts with endogenous Erk1/2, we performed aptamer pull‐down assays employing biotinylated C5 immobilized on streptavidin‐coated magnetic beads. These beads were incubated with cell lysates. After washing, the remaining components were eluted and investigated by immunoblot analysis. These experiments demonstrated that C5 also interacts with endogenous Erk1/2 (Figure [2](#anie201409597-fig-0002){ref-type="fig"} c). Taken together, our studies establish C5 as an aptamer with high affinity and specificity for Erk1/2.

![Interaction analysis of C5. a) *K* ~D~‐value determination of C5 binding to different MAP kinases. The amount of radioactively labeled RNA is plotted against the protein concentration. All experiments were performed at least twice (mean±SEM). C5 binds to Erk2 (note that the black curve is the same curve as the grey curve shown in Figure [1](#anie201409597-fig-0001){ref-type="fig"} c) and Erk1. No binding to p38α or JNK2α could be detected. b) Specificity analysis. The amount of bound radioactively labeled C5 or control RNA (C5sc) was normalized onto the amount of radioactively labeled C5 bound to Erk2. C5 does not bind to kinases belonging to different subfamilies at a concentration of 1 μ[m]{.smallcaps} (*n*=2, mean±SEM). Erk2: extracellular signal‐regulated kinase 2, MEK1: Mitogen‐activated protein kinase kinase 1, RSK4: 90 kDa ribosomal S6 kinase 4, PKBγ: protein kinase B γ, GRK2: G protein‐coupled receptor kinase 2, VRK1: Vaccina‐related kinase 1, CK1: casein kinase 1, DRAK1: DAP kinase‐related apoptosis‐inducing protein kinase 1, AAK1: AP2 associated protein kinase 1, NEK1: NimA related kinase 1, TOPK: Lymphokine‐activated killer T‐cell‐originated protein kinase. c) Pull‐down assay of endogenous Erk1/2. Specifically bound Erk1/2 was detected by SDS‐PAGE and immunoblot analysis using an Erk1/2‐specific antibody. Cell lysate was used as antibody and loading control. This assay shows that C5 interacts with endogenous Erk1/2. The blot shown is a representative example from three independent experiments.](ANIE-54-5369-g002){#anie201409597-fig-0002}

We next performed competition experiments, in which binding of radioactively labeled C5 to Erk2 was monitored in the presence of increasing amounts of ATP or UTP. ATP was found to compete with C5 for Erk2 binding and an IC~50~‐value of ca. 1 m[m]{.smallcaps} was determined (Figure [3](#anie201409597-fig-0003){ref-type="fig"} a, grey circles). Noteworthy, this value is in the same range as the reported *K* ~D~‐value of Erk2 for ATP.[15](#anie201409597-bib-0015){ref-type="ref"} Addition of UTP at concentrations up to 2 m[m]{.smallcaps} had no effect on aptamer binding (Figure [3](#anie201409597-fig-0003){ref-type="fig"} a, black squares), whereas at higher concentrations competition was observed that most likely is due to unspecific interactions of UTP with the RNA aptamer, for example, by base pairing.

![a) Competition of C5‐binding to Erk2 by increasing concentrations of ATP or UTP. The amount of radioactively labeled C5 bound to Erk2 in the absence of NTPs was set to 1 (*n*=4, mean±SEM). b) Concentration‐dependent inhibition of Erk2 activity by C5 (grey line) or B2 (black line) as monitored by phosphate incorporation into the substrate protein Elk‐1. Erk2 activity was normalized onto samples without RNA (*n*=3, mean±SEM).](ANIE-54-5369-g003){#anie201409597-fig-0003}

In line with this finding, C5 also inhibits Erk2 kinase activity (Figure [3](#anie201409597-fig-0003){ref-type="fig"} b). Co‐incubating active Erk2 with the substrate Elk1 and increasing concentrations of C5 showed this. As a measure of Erk2 activity, transfer of γ‐^32^P from ATP to Elk1 was determined. C5 inhibits Erk2 in a concentration‐dependent manner, whereas the B2 control RNA has no effect (Figure [3](#anie201409597-fig-0003){ref-type="fig"} b). Since C5 does not interact with Elk1 under the conditions employed in the kinase assay (Figure S4b), inhibition of Elk1‐phosphorylation is likely attributed to direct inhibition of Erk2 by C5.

Having established C5 as a potent and highly selective Erk1/2 inhibitor we ultimately tested if C5 is also capable of inhibiting Erk1/2‐dependent intraneuronal signaling. It is well‐established that synaptic activity leads to Ca^2+^ influx into neuronal dendrites, which then activates downstream signaling cascades, amongst them MAPK cascades. These then lead to modifications in ion channels and receptors, which mediate synaptic plasticity and a lasting enhancement in synaptic transmission (Figure [4](#anie201409597-fig-0004){ref-type="fig"} a). In particular, hippocampal synaptic plasticity induced by coincident activation of synaptic inputs with postsynaptic action potentials leads to a lasting potentiation of synaptic transmission.[16](#anie201409597-bib-0016){ref-type="ref"} This form of plasticity is termed spike‐timing dependent plasticity (STDP). Depending on the induction protocol, some forms of STDP require Erk1/2 activation, while others do not.[7c](#anie201409597-bib-0007c){ref-type="ref"} To test how aptamer‐based inhibition of Erk1/2 affects STDP, we obtained whole‐cell patch‐clamp recordings from CA1 neurons in acute hippocampal slice preparations obtained from mice (see the Methods Section in the SI, Figure [4](#anie201409597-fig-0004){ref-type="fig"} a). We chose to use the patch‐clamp approach for two main reasons. Firstly, because whole‐cell patch‐clamp recordings entail formation of a connection between the solution filling the patch pipette, and the intracellular space, this affords an excellent, albeit not yet realized option to introduce aptamers into cells. Advantageously, this method does not require cloning and expression of the aptamer from genes introduced in cells. Even more importantly, this approach allows measuring the electrical response of the cell. It thus allows assessing the functional outcome of a very precise manipulation of intracellular signal transduction. Here, we demonstrated that indeed the patch‐clamp technique allows the introduction of either C5 or the control RNA B2 into CA1 neurons under conditions that retain the aptamers' interaction properties and integrity (Figure S5). Neither C5 nor the B2 control RNA altered the passive or active functional properties of CA1 neurons (Figure S6). Excitatory postsynaptic potentials (EPSPs) were evoked by Schaffer collateral stimulation (Figure [4](#anie201409597-fig-0004){ref-type="fig"} a), and were adjusted to about 2 mV (B2: 1.8±0.3; C5: 1.8±0.2). Subsequently, STDP was induced using two different protocols. In both protocols, repeated burst stimulation was applied with a single burst consisting of 5 stimuli at 100 Hz (see the Methods Section in the SI for details). In the first variation of this protocol, only two intraburst stimuli were paired with postsynaptic action potentials (Figure S7a). In the second variation of this protocol, each Schaffer collateral EPSP was paired with a postsynaptic action potential (Figure S7b). As described previously, the MEK inhibitor UO126 blocks STDP induced by the first stimulation protocol (Figure [4](#anie201409597-fig-0004){ref-type="fig"} b,c). This confirms that the first variation of this stimulus protocol is dependent on the MAPK pathway.

![Aptamer‐based inhibition of spike‐timing LTP. a) Schematic of the recording configuration. Leftmost diagram shows a schematic of a hippocampal slice preparation, with the positioning of the stimulation (stim) and recording (rec) electrodes at a CA1 neuron. The first enlarged inset shows the patch‐clamp electrode that provides access to the cell interior and through which the aptamers were delivered. The extracellularly located stimulation electrode is also depicted. The rightmost inset shows a schematic of a dendritic segment and the signaling cascade that affects ion channels and receptors (orange), which underlie STDP expression. b,c) Inhibition of STDP with the MEK inhibitor UO126 \[40 μ[m]{.smallcaps}\]. STDP was induced with the pairing protocol shown in Figure S7a (MAPK‐dependent STDP). STDP was induced with the pairing protocol shown in Figure S7a (MAPK‐dependent STDP) at time point 0. We verified that this stimulation protocol indeed results in MAPK‐dependent STDP by applying the inhibitor UO126 (40 μ[m]{.smallcaps} in 0.4 % DMSO, control recordings with DMSO only). Indeed, UO126 significantly inhibited the STDP induced with this protocol. Time course in panel (b), summary in panel (c). Asterisks indicate p=0.013, Wilcoxon Rank test. N‐numbers given within the bars. d,e) Average time course of experiments with C5 \[1 μ[m]{.smallcaps}\] and the control B2 \[1 μ[m]{.smallcaps}\] for MAPK‐dependent STDP (panel d) and MAPK‐independent STDP (panel e). f) Summary of the magnitude of the potentiation measured immediately after STDP induction (posttetanic potentiation, PTP) and the magnitude of stable STDP (see Methods in the SI). The C5 aptamer selectively inhibited MAPK‐dependent STDP. N‐numbers given within the bars. Asterisks indicate significance, *p*=0.005 Wilcoxon Rank test.](ANIE-54-5369-g004){#anie201409597-fig-0004}

We then evaluated if inhibiting Erk1/2 by C5 also affects MAPK‐dependent STDP (Figure [4](#anie201409597-fig-0004){ref-type="fig"} d,f). Induction of MAPK‐sensitive STDP was unaffected by the B2 control RNA, whereas potentiation was blocked by C5 (Figure [4](#anie201409597-fig-0004){ref-type="fig"} d,f). In contrast, MAPK‐independent STDP was indistinguishable between neurons treated with B2 or C5 (Figure [4](#anie201409597-fig-0004){ref-type="fig"} e,f). These results indicate that selective inhibition of Erk1/2 in neurons by C5 results in a specific ablation of MAPK‐dependent forms of plasticity. One potential contaminating factor in such experiments is that baseline transmission might be reduced by C5 or B2, reducing the excitation during STDP induction, and consequently the amount of STDP expressed. However, effects on the properties of spikes generated during the LTP induction protocol did not differ between the B2 and C5 groups (Figure S8a). Likewise, perfusion of aptamers caused no differences in the properties of baseline Schaffer collateral EPSPs (Figure S8b,c).

In summary, we demonstrate that aptamers are a true alternative to commonly used low molecular weight inhibitors for dissecting intracellular signaling in neurons. The approach as described here has several key advantages. First, the combination of aptamers and electrophysiology is of course not limited to the aptamer used herein but rather can be applied to many other aptamer--target pairs. Importantly, the selection process can be automated,[17](#anie201409597-bib-0017){ref-type="ref"} allowing generation of aptamers for hundreds of target proteins within a reasonable time frame and with manageable costs. Second, our approach provides aptamers through the patch‐clamp pipette. In the field of single‐cell analysis and neuroscience, this is a particularly compelling approach. For example, virtually all signaling within the CNS is subserved by synaptic communication between neurons. The patch‐clamp technique therefore allows combining aptamer‐mediated inhibition of signal transduction with a precise analysis of key functional cellular properties, for example, impact of MAP kinase signaling on ion‐channel function as shown in this study. A further advantage of the patch‐clamp approach is that it obviates laborious expression approaches of aptamers, which are not applicable in a high‐throughput manner in native cells. Rather, it can be readily applied to a plethora of different neuronal types present in the brain, as long as they are accessible to patch‐clamp recordings. That these techniques can be applied to native neurons in ex vivo preparations is very important, because immortalized cell lines or primary cell cultures have fundamentally different functional properties when compared to native neurons. The ready availability of both aptamers and patch‐clamp technology will enable the use of aptamers by a broad scientific community, in native neurons and other single‐cell experiments. A key advantage of this approach is the rapid transformation of aptamers identified in the test tube into intracellular inhibitors. The simplicity and rapidity of implementation has in our opinion tremendous potential to fuel rapid confirmatory strategies in systems chemistry and biology.
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